The corrosion properties of MgxGe (x = 0, 0.5, 1.0, 1.5 and 2.0 mass%) alloys were investigated. Potentiodynamic polarization and electrochemical impedance spectroscopy tests were carried out in a 3.5% NaCl solution at pH 7.2 to measure the corrosion properties of Mg xGe (x = 0, 0.5, 1.0, 1.5 and 2.0 mass%) alloys. Microstructural analysis showed that a Mg 2 Ge phase formed mainly in the interdendritic areas. The volume fraction of the Mg 2 Ge phase was increased with increasing Ge content. The corrosion resistance of the MgxGe alloys was improved by Ge addition. In particular, the Mg1.5 mass%Ge alloy showed the superior corrosion resistance of the alloys examined.
Introduction
Magnesium and its alloys are key engineering materials for automotive, electronic and bio industries owing to their high specific strength, low density and superior biocompatibility. 13) Unfortunately, magnesium alloys have limited corrosion resistance, which restricts their use in many industrial applications. When exposed to the environment, the poor corrosion resistance and low formability of these alloys can result in material failure. 4) Therefore, it is important to develop new magnesium alloys to improve the corrosion resistance for applications in corrosive environments.
Anti-corrosion has been a major focus of studies to improve the corrosive characteristics of magnesium alloys. Most of these investigations, however, focused on the AZ(MgAlZn) and AM(MgAlMn) series of magnesium alloys, such as AZ91D and AM50. 5) Recently, magnesium alloys containing alkaline metals (Ca and Sr) and rare earth (RE) elements were reported to improve corrosion resistance of MgAl alloys.
69) The alkaline metal and rare earth, such as Ce, La and Nd in the MgAl alloy, increased the corrosion potential and hydrogen overvoltage.
9) The improvement was identified by the suppression of micro-galvanic couples because the fraction of ¢(Mg 17 Al 12 ) phase decreased, and the deposited RE-containing phases were less cathodic.
1012)
However, there is also an opposite opinion that Mg 17 Al 12 is detrimental to the Mg matrix. It was suggested 9) that the absence of the Mg 17 Al 12 could enhance the corrosion resistance of the Al-rich Mg based alloys by eliminating the microgalvanic effects. The MgAl based alloy was reported to corrode predominantly by galvanic action between the magnesium matrix and Mg 17 Al 12 phase. Therefore, many studies have focused on finding new elements to improve the corrosion properties of magnesium alloys.
One member of the carbon group, Ge, has a cubic structure (Fm 3m) and forms a Mg 2 Ge intermetallic phase (meting point: 1117°C). Moreover, the element has superior biocompatibility than other alloying elements and most studies on germanium use in biomedical applications without potential toxicological problems. 3, 13) No research has been carried out on the microstructure and corrosion properties of binary MgGe alloys, with only a few reports modeling the MgGeX systems.
14) Therefore, germanium is expected to have a significant effect on the corrosion resistance of Mg alloys. In this study, the effect of Ge additions on corrosion behavior of pure Mg was investigated on the basis of potentiodynamic and impedance test.
Experimental
Pure magnesium (99.8%) and germanium (99.9%) were used in this study. The alloys were melted at 750°C in a mild steel crucible under a CO 2 +SF 6 atmosphere and poured into a preheated permanent mold at 200°C. Microstructural analysis was carried out by scanning electron microscopy (SEM). A solution of 3 vol% Nital was used to etch the samples. The phases were examined by X-ray diffraction (XRD) using monochromatic CuK¡ radiation in the as-cast state.
All electrochemical experiments were performed at room temperature in a 3.5%NaCl solution (pH = 7.2 « 0.0001) using a electrochemical flat cell consisting of three electrodes: a working electrode, reference electrode (Ag/ AgCl-Sat) and counter electrode (Pt). A Solartron 1287 Electrochemical Interface was used for the polarization experiments. During the electrochemical corrosion tests, the electrode potential was measured at a scan rate of 0.2 mV/s from ¹0.3 V versus the open circuit potential (OCP) to ¹1.0 V versus the reference. All electrode potential measurements were made against a Ag/AgCl (in saturated KCl) reference electrode. Electrochemical impedance spectroscopy (EIS) was carried out using Solartron 1260 Frequency Response Analyzer (FRA) and Solartron 1287 Electrochemical Interface in the frequency range, 0.1100 kHz, with a perturbing AC amplitude of 10 mV. The data is presented as Nyquist and Bode plots. The Zplot/Zview software version 2.8 was used for data acquisition and for fitting the impedance spectra. Figure 1 shows XRD patterns of the MgxGe alloys. With the addition of Ge, the peaks for Mg 2 Ge appeared. Figure 2 shows the microstructures of the experimental alloys. The Mg 2 Ge phases in the ¡-Mg matrix were distributed at the interdendritic areas and had a granular and lamella-like morphology [see Fig. 2(b) ]. With increasing Ge content, the area of ¡-Mg decreased and the eutectic Mg 2 Ge phases tended to segregate [ Fig. 2(d)] . Figure 3 present potentiodynamic polarization curves for the specimens in the 3.5%NaCl solution. Generally, the cathodic polarization curves are assumed to represent cathodic hydrogen evolution through water reduction, as indicated by reaction (1), whereas the anodic ones represent the dissolution of magnesium, as shown in reaction (2):
Results and Discussion
Hydrogen evolution did not stop when the polarization potential increased to the anodic region due to the negative different effect (NDE). 15) As the polarization curves show, pure Mg has a much higher anode current density than that of MgxGe alloys in the anodic region. Therefore, the overpotential of the anodic dissolution of magnesium reaction (2) on pure Mg is lower than that on MgxGe alloys. This shows that the anodic reaction is easier kinetically on pure Mg than on MgxGe alloys. Figure 3 (a) also shows that the difference in the cathodic curves of the specimens was not as significant as that in the anodic curves. This suggests that the influence of the Ge content on the cathodic hydrogen reaction in the corroding area is not as significant as its effect on the rate of magnesium dissolution in a 3.5%NaCl solution. Figure 3(b) lists the electrochemical corrosion data of the alloys. Compared to magnesium, the alloys with Ge addition had a corrosion potential ranging from ¹1.74 to ¹1.56 V vs. Ag/AgCl, which is approximately 20200 mV higher than that of magnesium. In particular, Mg2.0 mass%Ge alloy showed the highest corrosion potential among the five alloys examined but Mg1.5 mass%Ge showed the lowest corrosion density. However, both corrosion potential and current density of AZ91 alloy are higher than those of MgxGe alloys. The Nyquist plot [ Fig. 4(a) ] shows that all the curves have two capacitive loops at all frequencies. The diameter of the capacitive semicircle is closely related to the corrosion rate. Their EIS spectra were similar except in diameter, which showed that the corrosion mechanism was the same but the rate was different.
The diameters of the capacitive loops of pure Mg and MgxGe alloy were much higher than that of AZ91 alloy. In the MgxGe alloys, the semicircle were increased with increasing Ge content up to 1.5 mass%Ge, but decreased with 2 mass%Ge addition. This was in good agreement with the corrosion resistances of Fig. 3 . Figure 4(d) shows the corresponding equivalent circuit, where R s , CPE, R film and R ct are the solution resistance, constant phase element, solid electrolyte interphase film resistance and charge transfer resistance, respectively. Zview Version 2.8 software was used to fit the EIS data to determine the optimized resistance parameters, which are listed in Table 1 . As shown in Table 1 , the solution resistance was very low and could be ignored. The sum of the R film and R ct increased significantly to 1.5 mass%Ge, but decreased slightly with the addition of 2 mass%Ge. Compared to AZ91 alloy, MgxGe alloys had a low anodic current density and impedance was significantly higher than that of alloy. It could be considered that the presence of the Ge more stabilized the Mg(OH) 2 layers than Al and elevated the resistance to hydrogen evolution in the salt solution, and thus the anodic current density was decreased.
15) The easy discharge of hydrogen ions is considered as one of the major corrosion mechanism for magnesium, resulting in better corrosion performance if the discharge is suppressed.
Importantly, a high R ct value indicates good corrosion resistance. Increased film and charge transfer resistance were observed for the 1.5 mass%Ge specimen, indicating that 1.5 mass%Ge addition increases the film resistance and stability. Figure 5 shows SEM images of the corroded surface after 1 h in a 3.5% NaCl solution. This difference was attributed to precipitation, which is expected to act as a barrier when there is a small area ¡-Mg matrix and higher precipitation density, which is more continuous over the ¡-Mg matrix. The explanation for this finding is that the Mg 2 Ge fraction increases with the addition of Ge, which plays an important role as a corrosion barrier when it reaches a high enough level. If the areas of ¡-Mg grains are small, as shown in the microstructure, the corrosion of the ¡-Mg matrix might be delayed by the corrosion products on the surface due to continuous precipitation and the narrow gaps between the precipitates. 16 ) Therefore, corrosion can be prevented. The microstructure included the primary ¡-Mg grains surrounded by a eutectic mixture of ¡-Mg and Mg 2 Ge phases. The specimens had relatively small ¡-Mg grains, and contained more precipitate phases with Ge. Furthermore, the distribution of Mg 2 Ge precipitates became more continuous in the specimens containing Ge, which can improve the corrosion performance. On the other hand, excessive Ge (>2 mass%) addition led to the coarsening of Mg 2 Ge phases and wide gaps between the precipitates, which resulted in a decrease in corrosion resistance.
Conclusion
The corrosion behavior of MgxGe (x = 0, 0.5, 1.0, 1.5 and 2.0 mass%) alloys was studied. A Mg 2 Ge phase with a lamella morphology was formed in the interdendritic areas and increased with increasing Ge addition. A small amount of Ge could reduce the rate of magnesium dissolution in a 3.5%NaCl solution. In this study, Mg1.5 mass%Ge possessed optimum corrosion resistance due to the dramatic increase in the sum of R film and R ct . (a) (b) 
